The serological properties of antigens extracted from strains of Bacteroides fragilis and related species belonging to several different deoxyribonucleic acid homology groups were investigated. Antisera prepared against Formalin-treated whole cell suspensions of representative strains were tested against cell suspensions, cell wall preparations, and extracts of homologous and heterologous strains by using agglutination, immunodiffusion, and hemagglutination techniques. Serological results indicated that the species were antigenically distinct, although minor cross-reactions were observed. Homology groups, including the two B. fragilis subgroups, were relatively homogeneous, although the presence of serotypes within each homology group was suggested. Immunodiffusion tests demonstrated, however, that each strain possessed a mosaic antigen composition; at least 6 antigenic determinants could be demonstrated in B. fragilis 2553, and up to 10 were found in B. fragilis 2393. Hemagglutination tests using antigen extracts also indicated a mosaic of antigens in each strain.
Microorganisms belonging to the Bacteroides fragilis group have many phenotypic properties in common, an observation which originally led to their subdivision in terms of subspecies. The taxonomy of the group was subsequently clarified by deoxyribonucleic acid homology experiments, and of more than 300 "B. fragilis" strains examined, over 90% could be allocated to 1 of 10 major homology groups (16) . Furthermore, these groups were demonstrated to be sufficiently distinct genetically to warrant being given species rank (5) .
The similarity of phenotypes and the clinical importance of this group have led many to investigate its serological properties. Serological classification schemes employing either agglutination, immunodiffusion, immunofluoresence, or radioimmunoassay techniques have been described (1, 3, 6, 10, 11, 14, (17) (18) (19) (20) (21) (25) (26) (27) (28) (29) .
There is general agreement that B. fragilis possesses a multiplicity of antigens. Beerens and co-workers (3, 27) devised a serological scheme employing six antisera prepared against defined neotypic Bacteroides strains. When tested against these antisera, most of the clinical isolates surveyed by agglutination possessed a mosaic antigen composition having one major and several minor antigens. Beerens found that the most prevalent antigen was the B. fragilis E antigen, which was demonstrated on approximately 90% of the typable strains. Biochemically, all of the serogroups except one were heterogeneous, and the authors suggested that strains possessing the E antigen should be considered pathogenic. Lambe and Moroz (21) proposed a similar serological scheme for B. fragilis based on the distribution of seven heat-stable antigens. Most strains investigated possessed more than one of these antigens, and several had all seven.
Immunodiffusion studies employing whole cell extracts corroborated the agglutination data (1, 3, 12, 13, 22) . Species specificity resided in thermostable polysaccharide antigens, multiple serotypes existed within species, and there was an extensive sharing of antigens. These findings were further substantiated by immunochemical studies (6) .
Evidence for a common capsular antigen of B. fragilis was reported by Kasper and co-workers (19, 20) . Using antiserum specific for this antigen, essentially 100% of the B. fragilis clinical isolates were identified.
Although the serology and, to a lesser degree, the cell wall antigens of Bacteroides strains have been investigated before, these studies examined strains that had been assigned to species on the basis of biochemical properties. In the present study we set out to examine the antigenic rela-bonucleic acid homology relationships were already known from the investigations of Johnson (16) . In particular we wished to determine whether there was a common "Bacteroides" antigen, in addition to a pattern of antigens specific for strains in each group.
Our results indicate that members of each homology group contain a mosaic of antigens, but that there is no evidence for a cell wall antigen common to the genus Bacteroides as a whole. Blood was collected aseptically, allowed to clot at 37°C, and refrigerated overnight at 4°C. Serum was pipetted off into sterile centrifuge tubes, clarified by centrifugation, and preserved with 0.1% sodium azide. The antisera were dispensed in 10-ml portions and stored at either 4°C or -20°C until used.
MATERIALS AND METHODS
Agglutination tests. Serial twofold dilutions of antiserum, 0.5 ml per tube, were mixed with an equal volume of whole cell or cell wall suspension adjusted to a fixed density of 75 to 80% T at 560 nm. The tubes were incubated at 56°C in a water bath for 2 h, then held overnight at room temperature before the results were read. Titers were expressed as the reciprocal of the final dilution which gave macroscopically visible agglutination. The degree of agglutination was scored as ++++, +++, ++, +, ±, tr, or -(± indicating the smallest particles easily visible to the naked eye).
Immunodiffusion tests. The two-dimensional immunodiffusion method of Ouchterlony was carried out on glass slides ( Trichloroacetic acid extracts were obtained from lyophilized whole cells (100 mg) or cell walls (10 to 20 mg) according to the method described by Cummins (7) . The neutralized extracts were kept at 4°C and preserved with 0.1% sodium azide.
LPS was extracted from cell walls with hot 45% phenol according to the method of Westphal and Jann (30) . Aqueous layers containing the LPS were dialyzed against tap and distilled water until all traces ofphenol were removed, and then they were lyophilized.
RESULTS
Initial serological studies were devoted to an analysis of the six Bacteroides reference strains. Their interhomology relationships are given in Table 1 . After the antigenic relationships between the reference strains had been determined, a preliminary survey was conducted on randomly selected strains belonging to the difforent homology groups, with emphasis on the two B. fragilis groups. Antigenie analysis of the six reference strains. Tube agglutination tests using bacterial suspensions or suspensions of cell wall fragments were used to determine the interrelationships between the reference strains with respect to their surface antigens. Table 2 illustrates the agglutination patterns obtained by using unabsorbed antisera and whole cells or purified cell walls as antigens. The reference strains were clearly differentiated, with homologous titers of 1,280 or 2,560, except for B. ovatus, whose titer was only 160. A low level of cross-reactivity was observed between some of the strains, and, in particular, whole cells of B. vulgatus 4245 were agglutinated to various degrees by all of the antisera. However, all cross-reactions were insignificant in comparison with the homologous reactions and could be removed by absorbing the antiserum with whole cells without significantly lowering the homologous titers (data not shown). A similar agglutination pattern was observed when cell walls were used as antigens. Although ceo wall agglutinin titers were lower than in the whole cell system, the agglutination was characterized by a much heavier flocculation. With cell wall agglutination, the only crossreactions observed were between the two B. fragilis strains 2393 and 2553, and those were insignificant compared to the homologous reactions. Three types of extract were used in the immunodiffusion tests; extracts of autoclaved bacteria, trichloroacetic acid extracts, and LPS extracted with hot 45% phenol. The autoclaved and trichloroacetic acid extracts were prepared from both whole bacteria and cell walls; LPS was prepared from cell walls only.
In testing antigen extracts made from the six Bacteroides reference strains, the complexity and sharpness of the precipitin line patterns depended on the method of extraction, the incubation period, and, particularly, on the concentration of the reactants. All extracts gave at least one major precipitin line and in most cases several minor Uines. The antigens extracted by all methods were apparently very similar but were not always identical, as indicated by reactions of partial identity (spurring). Reactions of identity between extracts of whole cells and of cell walls suggested that extracted antigens represent major cell wall polysaccharides. Examples of the results obtained in different systems are illustrated by line drawings in Fig. 1 . strains showing low homology to a given reference strain were often agglutinated to titers higher than strains displaying high homology values, e.g., B. distasonis 0052 and T3-25, B. thetaiotaomicron 2808B and C9-11, and B. fragilis 3390 and 2554.
By agglutination, the degree of reactivity within and between the two B. fragilis groups varied quite widely (see Table 6 ). The 33 strains of B. fragilis group I (2553 group) generally showed similar titers to both 2553 and 2393 antisera, or else slightly higher titers against 2553 antiserum. However, two group I strains, 5785 and 6123, gave significantly higher titers against 2393 antiserum. The agglutinin titers with the nine group II strains (2393 group) were generally higher with the homologous serum (anti-2393), but again there was very considerable variation, from 1:20 with strain 2552 to 1:2,560 with strain 3392.
With respect to surface antigens, the other homology groups were relatively homogeneous, as most strains belonging to a particular homol-VOL. 13, 1981 on November 2, 2017 by guest http://jcm.asm.org/ 4243, and anti-2808B, were more reactive, i.e., agglutinated more strains to higher titers, than the others.
In general, the antigenic relationships found by immunodiffusion were in agreement with the agglutination results. The The intragroup hemagglutination results are shown in Table 6 , and it can be seen that most cross-reactions (except those between the two B. fragilis groups) were at a low level. Strains of B. distasonis seemed to be the most widely cross-reactive, but they were found to react nonspecifically in other tests (see above).
In the B. fragilis group, most strains reacted to some extent with antisera to 2393 or 2553, and there appeared to be broadly four reaction patterns in hemagglutination tests (Table 6 ). One cluster of strains contained about equal numbers of B. fragilis homology groups I and II and reacted more strongly with anti-2393 than with anti-2553. A second group showed much higher titers with 2553 antiserum than with 2393 antiserum; members of this group all belonged to homology group I (2553). A third small group consisted of three strains (4361, 4377, and 4912) which had high hemagglutination titers to both antisera; all belonged to homology group I. As well as these three, there was a fourth group of strains which showed low hemagglutination titers with both antisera and presumably represent further as yet unidentified serological groups. However, seven of these strains gave precipitin lines with one or both of the B. fragilis antisera.
Generally, strains such as 2758A, 5807, and 4366, whose extracts gave multiple lines or a strong single line in immunodiffusion tests, showed moderate to high hemagglutinin titers. However, with a few strains, such as 5631, 1582, and 6805, this was not the case. On the other hand, extracts from severaJ strains, such as 3390 and E323, gave no lines in immunodiffusion but displayed significant hemagglutination activity.
Within the other homology groups, multiple precipitin lines generally correlated with high hemagglutinin titers, as shown in Table 5 . Exceptions to this were B. vulgatus R4-24B, B. thetaiotaomicron 0940, and a 3452-A group member, 2308. However, hemagglutinin titers were generally lower than those obtained in the studies on the B. fragilis strains. Ail members of the B. distasonis group displayed hemagglutinin titers to both of their group antisera; however, extracts of two B. distasonis strains, 0052 and T3-25, failed to give precipitin lines in the immunodiffusion studies when tested against the same antisera. A similar pattern was observed with B. thetaiotaomicron 7330 and 0911A1.
However, in these two cases, titers were only 40.
On the other hand, extracts of B. vulgatus 4506 and 2365 and B. thetaiotaomicron 2808B and 0489 gave precipitin lines against their respective antisera but did not display hemagglutination activity.
DISCUSSION
In general, the five Bacteroides species examined were found to be antigenically distinct. There were low levels of reaction across species boundaries; however, most cross-reactions were detected only by agglutination, which suggested that surface antigens were primarily responsible. Species-specific antigens were also available at the cell surface, and the antibody response was largely directed toward them, since absorption of the antisera with whole cells removed all cross-reactions without significantly lowering the homologous titers. On the basis of an agglutination survey, Beerens and co-workers (3, 27) reported that the antigenic make-up of Bacteroides organisms was a mosaic containing one major and several minor antigens of varying specificity. The interspecies cross-reactions observed among Beerens's reference strains by agglutination were similar to those obtained in the present study. However, as in this study, Beerens found that only species-specific antigens were demonstrated in immunodiffusion tests using extracts containing thermostable polysaccharide antigens. Therefore, it is likely that the interspecies reactions were the result of thermolabile surface antigens. Reinhold also correlated intragroup reactions with thermolabile protein antigens (25, 26) . It is important to note that only one of Beerens's serogroups, that characterized by reference strain 5482, was biochemically homogeneous. The other groups frequently contained strains which would now be biochemically classified as B. thetaiotaomicron, B. ovatus, or B. fragilis.
The distinct antigenic divisions displayed by the five species were in accordance with their genetic relationships, i.e., low genetic relatedness was associated with a lack of antigenic similarity. However, homology groups, including the two B. fragilis subgroups, were relatively homogeneous serologically, even though the organism within the groups had homology values down to 65%. This is in contrast to Enterobacteriaceae, where strains showing high levels of homology may display extensive serological and chemical heterogeneity (4, 23) . In contrast to the results of Romond et al. (27) (28), Hartwigk (12) , Werner (29) , and, recently, Landay and Baldwin (22) and Cherniak et al. (6) . With B. vulgatus and B. thetaiotaomicron, at least three different antigenic factors were evident in each system. Furthermore, the reactivity of some antisera implied that certain strains possessed more antigens, both in kind and number, than others, e.g., anti-C7-2, anti-4245, anti-5482, and anti-2808B. The mosaic type of antigen composition was also evident among the B. fragilis strains. The present work suggests that the minimum number of antigenic factors on B. fragilis 2393 and 2553 was 10 and 6, respectively. There was apparent clustering regarding the possession of particular antigens but it was unrelated to intrahomology values. Until detailed absorption studies are performed on these strains, the nature and distribution of these factors cannot be predicted accurately. Hofstad reported preliminary studies ofthis kind on three B. fragilis strains, indicating that a minimum of six factors were shared among the three strains (13) .
Although most strains, excluding those belonging to the B. ovatus group, displayed serological activity in either the immunodiffusion or hemagglutination studies, some did not react with any antiserum directed against a member of the same homology group, e.g., strain 4082 in Table 6 . These probably represent other serogroups.
A quantitative relationship of antigenic makeup between the B. fragilis strains was suggested by the results. Since antigen extracts were standardized at a fixed carbohydrate concentration, differences in number of lines and strength of the precipitin line patterns reflect, in part, the concentration (or number) of antigens capable of reacting with the specific antibodies.
Many of the precipitin lines formed in homologous and heterologous crosses were not detected at extract concentrations less than the arbitrary value chosen (1 mg/ml). This value was chosen on the basis of hemagglutination studies which indicated maximum sensitization for the B. fragilis strains at this concentration. However, this may not represent the optimum concentration for maximum sensitivity in immunodiffusion tests.
The multiplicity of antigens revealed by immunodiffusion tests indicates clearly that the antigenic make-up of Bacteroides strains is a mosaic. Based on the present results, it seems likely that Beerens's species antigens A through E are conglomerates of several antigenic factors. Therefore, it would be possible for two strains possessing, for example, the E antigen to differ quite markedly in other factors. Furthermore, certain antisera were shown to be more reactive toward survey strains than others. This implied that strains used for generation of these antisera perhaps were better immunogens, or, more importantly, that they possessed a more encompassing antigenic composition. A similar finding was reported by Lambe and Moroz (21) . In either case, such strains would be the most favorable reference strains for serological identification schemes. For example, in this study, anti-2393 was superior to anti-2553. In view of this, it is interesting to note that in Beerens's survey, strain E323 was the second B. fragilis reference strain and was determined in other studies (16) to be a member of the 2553 homology group. Therefore, the 2393 homology group was not represented in the survey by Beerens. In the present study, little antigenic similarity was detected between E323 and 2393, so it is very likely that certain B. fragilis strains were not detected in his survey.
Hemagglutination results were generally in agreement with the other serological tests. However, hemagglutination activity was occasionally observed with strains whose extracts failed to yield precipitin lines against the same antisera. In such cases, hemagglutinin titers were never greater than 320, and the results probably reflect differences in the sensitivities of these two assays. Similar observations were made by Quick et al. (24) and Sonnenwirth (Ph.D. Thesis, Washington University, St. Louis, Mo., 1960). There were also strains whose extracts yielded precipitin lines but displayed no hemagglutination activity. This may reflect differences in sensitization potential resulting, in part, from chemical differences of the antigens.
Despite the above discrepancies, the hemagglutination patterns within species (homology groups) were consistent with the antigenic mosaic. Strains which possessed multiple antigens or large amounts of one antigen (as visualized by immunodiffusion) displayed high hemagglutinin titers. Unfortunately, 30% of the B. fragilis strains displayed low hemagglutination activity. However, over half of these strains gave at least one line in immunodiffusion, which suggests that the negative hemagglutination tests were due to a failure of the antigen to adsorb onto the RBCs. The other nonreacting strains may represent different serotypes. Interspecies reactions were infrequent and generally at low levels. B. distasonis was the most cross-reactive homology group. However, the activity of B. distasonis was apparently nonspecific in nature, since cells sensitized with extracts of this group were agglutinated to some degree with normal and nonBacteroides antisera.
These studies, as well as those reported by others (1, 3, 5, 10-13, 21, 22, 25-29) , support the contention that there are multiple serogroups within B. fragilis, B. vulgatus, B. thetaiotaomicron, and possibly B. ovatus. Furthermore, the antigenic makeup of each of the species is a mosaic in which antigens are shared among strains; no evidence of a common antigen among Bacteroides strains was disclosed. The antigen described by Kasper and co-workers (19, 20) , which is reportedly common to all B. fragilis strains and referred to as a "capsule," may be a cell surface structure that is only manifested in vivo or is lost after laboratory subcultivation. In this regard, it must be remembered that the strains used in the present study were 
